Anemia is the primary hematological manifestation of both Plasmodium falciparum malaria and HIV-1 in pediatric populations in sub-Saharan Africa. We have previously shown that HIV-1 positive and exposed children have greater risk of developing severe anemia (hemoglobin, Hb<6.0 g/dL) during acute malaria. However, enhanced severity of anemia was unrelated to either erythropoietic suppression or parasite-driven red blood cell hemolysis. To further explore mechanisms of anemia, circulating inflammatory mediators (IMs) were determined using a 25-plex bead array in P. falciparum-infected ( To further explore the relationship between the inflammatory milieu (i.e., cytokines, chemokines, and growth factors) and HIV-1 status, the large panel of IMs was reduced into discrete groups by principal component factor analysis. Of the six principal components that emerged, three components were significantly higher in the HIV-1 positive and exposed groups, demonstrating that inflammatory profiles differ according to HIV-1 status. Additional analyses exploring the relationship between the components and anemia revealed significant positive correlations between 
INTRODUCTION
Currently, sub-Saharan Africa is home to 90% of the world's Plasmodium falciparum infections [1] and 64% of the HIV-1 infections [2] . Children are the most affected group in this region, with malaria and HIV-1 being responsible for 18% and 6%, respectively, of deaths in children under the age of five [3] with the primary manifestation of each disease being anemia.
One important mechanism common to both diseases, which may contribute to development of severe anemia (SA), is perturbation in inflammatory mediator (IM) production [4] [5] [6] . Results from our laboratory and others demonstrated that dysregulation in the balance of type 1 [e.g., interleukin (IL)-1β, IL-6, IL-12, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α] and type 2 (e.g., IL-4 and IL-10) cytokines was associated with enhanced immuno-pathogenesis of severe malarial anemia (SMA) [4, [7] [8] [9] . We also showed that children with malaria had altered levels of β-chemokines, including macrophage inflammatory protein (MIP)-1α/CCL3, MIP-1β/CCL4, and regulated upon activation, normal T-cell expressed and secreted (RANTES/CCL5) [10, 11] . Changes in (relative) IM levels may promote SMA pathogenesis by altering the erythropoietic cascade. For example, TNF-α rapidly and irreversibly inhibits human erythroid progenitors [12] , while IFN-γ directly suppresses human erythroid colony-forming units (CFU-E) [12] . IFN-γ also upregulates IL-15, which in turn, inhibits erythropoiesis at the CFU-E stage [13] . In addition, our previous results showed that pediatric malarial anemia is characterized by suppression of IL-12 [4] .
Shortly after HIV-1 infection, resolution of the transient viremia is followed by a state of chronic immune activation characterized by increased pro-inflammatory cytokine release [14] , which potentially depletes CD4+ T-cells required to mount an effective immune response [15] [16] [17] . The chronic immune activation phase is associated with elevated levels of IL-1β [18, 19] , IL-6 [20, 21] , IL-10 [22] , IFN-γ [22] , TNF-α [18, 19] , MIP-1α/CCL3 [23, 24] , MIP-1β/CCL4 [24] , and RANTES/CCL5 [23] [24] [25] [26] , and decreased IL-12 levels [27] [28] [29] [30] . Thus, changes in IM profiles are common to both malaria and HIV-1 mono-infections.
Given the immunological complexity of malaria and HIV-1, and their anemia commonality, our goal was to define the IM profile(s) associated with worsening anemia in co-infected children.
MATERIALS Study participants
Children aged 3-36 months (n=194) with P. falciparum parasitemia (any density) were recruited at Siaya District Hospital, western Kenya, during their first hospital contact for malaria, and matched for age and gender. Siaya District is a holoendemic P. falciparum transmission area where residents receive up to 300 infective bites per annum [31] . None of the children included in the study had cerebral malaria, non-falciparum malarial infections, bacteremia, or hookworm infections. A detailed description of the study area and pediatric anemia can be found in our previous publication [32] .
All children in the study had P. falciparum infections (Pf were not further stratified according to disease stages due to reduced sample size (i.e., n=16). Pre-and post-test HIV counseling were provided for the parents/guardians of all participants. Children positive for one or both HIV-1 serological tests were prophylactically treated with trimethoprim-sulfamethoxazole. Children were also stratified into SA (Hb <6.0g/dL) and non-SA (Hb 6.0-10.9g/dL and free from the symptoms of severe malaria, such as hypoglycemia). Definitions of SA were based on previous longitudinal Hb measures (>14,000) in children (<48 mos. of age) residing in western Kenya [33] . Children were treated according to Ministry of Health, Kenya, guidelines and written informed consent was obtained from the participants' parents/guardians. Human subjects approval for the study was granted by the University of New Mexico, University of Pittsburgh, and Kenya Medical Research Institute (KEMRI).
Laboratory measurements
For results presented here, none of the children had been initiated on antiretroviral therapy and/or received any other treatment interventions prior to sample acquisition. Asexual malaria trophozoites in thick and thin peripheral blood smears, and reticulocyte count were determined according to previous methods [32, 34] . Complete blood counts were performed with a Beckman Coulter © Ac-T diff2™ (Beckman Coulter, Inc.) on blood obtained prior to administration of antimalarials and/or antipyretics. HIV-1 status was determined using two rapid serological antibody tests (i.e., Uni-Gold™, Trinity Biotech and; Determine ® , Abbott Laboratories) and HIV-1 DNA PCR analysis was performed according to our previously published methods [34] .
Multiplex assay
Venous blood samples were centrifuged immediately and plasma was separated, aliquoted, and stored at −70°C until use. Samples were then thawed and clarified by centrifugation (14,000 rpm for 10 min) before assaying. IM levels were determined by the Cytokine 25-plex Antibody Bead Kit, Human (BioSource™ International) according to the manufacturer's instructions. Plates were read on a Luminex ® 100™ system (Luminex ® Corporation) and analyzed using the Bio-plex manager software (Bio-Rad Laboratories). Analyte detection limits were: 3pg/mL (IL-5, IL-6, IL-8/CXCL8); 4pg/mL [monokine induced by IFN-γ (MIG/CXCL9)]; 5pg/mL (IL-1α, IL-3, IL-4, IL-10, eotaxin-1/CCL11, IFN-γ, IP-10/CXCL10); 6pg/mL (IL-2); 10pg/mL (IL-7, IL-13, IL-15, IL-17, MIP-1α/ CCL3, MIP-1β/CCL4, monocyte chemotactic protein [MCP-1/CCL2], TNF-α); and 15pg/mL (IL-1β, IL-12p40/p70, granulocyte-macrophage colony-stimulating factor [GM-CSF], IFN-α, RANTES/CCL5).
Statistical analyses
Data were analyzed using SPSS (version 15.0). Clinical, demographic, hematological, and immunological measures were compared between groups by either analysis of variance (ANOVA) or Kruskal-Wallis tests, followed by pairwise post-hoc comparisons with Student's t-tests or Mann-Whitney U tests, respectively. Pearson's Chi-Square (χ 2 ) or Fisher's exact test were used for comparing proportions. Statistical significance was determined at P≤0.05. To reduce and synthesize the large number of IMs from the multiplex assay into discrete groups, the IMs were subjected to a principal components factor analysis (PCA), and the resulting components were then correlated with Hb for the three HIV-1 status groups to determine the relationship between the components and outcome variables. Analyses of variance were also performed to examine whether, and to what extent, mean levels of the principal components differed across the three HIV-1 status groups.
RESULTS

Demographic, clinical, and hematologic characteristics
Children with falciparum malaria were stratified into three categories: malaria alone (HIV- [34] , worsening anemia in co-infected children was not associated with either reduced erythropoietic responses (RPI<2.0) or red blood cell (RBC) hemolysis due to elevated parasitemia.
Pro-and anti-inflammatory cytokine production
Since dysregulation in IM production plays an important role in promoting anemia [5, 11, [35] [36] [37] [38] , circulating levels of cytokines, chemokines, and growth factors were determined with a human 25-plex bead array assay. Our previous investigations [4, 38, 39] , and those of others [5] , demonstrated that childhood malaria is characterized by altered production of pro-and anti-inflammatory cytokines, which is closely associated with disease severity. However, the profile of IM production in HIV-1[exp] and HIV-1[+] children with falciparum malaria is largely unreported. Analyses of circulating cytokines revealed that IL-12 differed across the groups (P=0.002, Table 2 Table 2 ). None of the other pro-or anti-inflammatory cytokines showed significant differences ( Table 2 ).
Chemokine and growth factor production
We previously demonstrated that β-chemokines were dysregulated in children with malaria [10, 32] . Although altered chemokines are well-documented in HIV-1[+] children [40, 41] , chemokine patterns have not been reported in malaria/HIV-1 co-infected children. Results presented here demonstrate that eotaxin/CCL11 levels differed across the three groups (P=0.003, Table 2 Table 2 ). Circulating concentrations of the hematopoietic and immuneregulatory cytokine, GM-CSF, also differed across the groups (P=0.011, Table 2 Table 2 ). No significant between across differences were observed for the other chemokines.
Inflammatory mediator ratios
We [4, 11, 39, 42] and others [43, 44] showed that ratios of pro-and anti-inflammatory mediators (e.g., TNF-α:IL-10, IL-1β:IL-1Ra, and IL-2:IL-2R) were more biologically informative than their absolute (individual) values. Of the five biologically relevant ratios examined, only the IL-2:IL-2R ratio approached significance (P=0.063, Table 2 (Table 2) .
Principal component analysis of inflammatory mediators
To identify unique profiles of IMs associated with anemia, twenty-five IMs and five IM ratios were subjected to PCA with a varimax rotation and Kaiser normalization. The purpose of PCA is to reduce a complex multivariable set of data into a smaller, and more manageable, number of composite variables. This is accomplished by forming weighted linear composites of variables such that each composite (or factor/component) contains highly interrelated variables thought to measure a common construct or phenomenon. When the components are subjected to an orthogonal (i.e., uncorrelated) mathematical rotation, as is performed with a varimax rotation, inter-component variance is minimized. This process enhances the distinctness and interpretability of each component. As shown in Table 3 The six principal components provided an excellent fit to the data and accounted for 69.03% of the variance in the IM inter-correlation matrix. The eigenvalues and variance estimates for each component are shown in Table 3 .
Unique associations between the principal components and HIV-1 status A series of ANOVAs were then performed to examine whether the mean levels of the six components differed across the three HIV-1 status groups. 
Relationship between inflammatory mediator profiles and anemia
Since there were differing patterns of IM production that distinctly emerged among the groups, correlation analyses were then performed to examine the relationship between the components and anemia (i.e., Hb). Table 4 ).
To further probe the correlation in the primary group of interest (i.e., HIV-1[+]/Pf[+]), a leave-one-out-method was adopted whereby, for component 4, each IM was systematically removed and the correlation between the component and Hb was re-calculated. The purpose of these post hoc analyses was to ascertain which IMs exert the greatest influence on the Hbcomponent correlation. Of the four IMs that comprise component 4, IL-12 exerted the greatest influence on the correlation with Hb, illustrated by the fact that IL-12 exclusion decreased the magnitude of the correlation from 0.490 to 0.340, a 30.6% reduction.
DISCUSSION
Our previous investigations in Kenyan children demonstrated that co-infection with malaria and HIV-1 was associated with increased susceptibility to SA [32, 34] . However, the underlying mechanisms of worsening anemia in co-infected children are largely undetermined. Since perturbations in the inflammatory milieu can promote enhanced anemia through a number of different mechanisms [13, 45, 46] , we performed comprehensive measurement of IMs followed by statistical modeling to determine the relationship between IM profiles and anemia in the different HIV-1 status groups.
Recent literature outlining the causes of 'anemia of inflammation' suggests that immune activation has a significant and lasting effect on Hb concentrations (reviewed in [47, 48] ). Although studies by our group [4, 6, 10, 11, [49] [50] [51] and others [8, 41, [52] [53] [54] demonstrated that both malaria and HIV-1 cause significant changes in IM production, a comprehensive evaluation of the inflammatory milieu has not been reported in co-infected children. Technologies, such as the micro bead assays, which concomitantly measure an inclusive panel of IMs in the small volumes of blood available from anemic children, allowed us to determine the inflammatory profile in malaria-infected children with differing HIV-1 status.
Of the 16 pro-and anti-inflammatory cytokines investigated, only IL-12 and IFN-γ emerged as markedly different across the groups. Although we previously showed that children with malarial anemia had progressively declining IL-12 with increasing anemia severity [4, 39] , findings here revealed increasing IL-12 across the groups, despite worsening anemia. An investigation in HIV/tuberculosis co-infected patients from Zimbabwe reported similar findings in which IL-12 increased with the acquisition of serological HIV positivity [55] . Since HIV-1(+) children in the current study are presumably in the earlier phases of HIV infection (e.g., median age of 12.1 mos.) in which non-specific immune activation is ongoing, this may explain their elevated IL-12 levels. For example, Byrnes et al. [56] found significantly elevated IL-12p70 levels in acutely (<2 months post-infection) and early (2-12 months)-infected HIV patients compared to healthy controls, with IL-12 levels remaining significantly elevated six months after diagnosis, regardless of whether the patient received highly active anti-retroviral therapy (HAART) treatment. Thus, although IL-12 appears important for promoting and maintaining Hb levels in the context of malaria mono-infection, results presented here in co-infected children highlight the fact that elevated IL-12 levels alone cannot salvage a child from worsening anemia. [22] . Previous studies also illustrated that IFN-γ suppresses erythropoiesis through up-regulation of IL-15 [13] . Studies in murine models demonstrated that blockade of IFN-γ, but not IL-12, TNF-α, IFN-α, IL-1α, or IL-1β, ameliorated suppression of erythropoiesis induced by CpG-oligodeoxynucleotide (CpG-ODN) administration [37] One explanation for these findings may be related to the fact that IFN-γ alters erythropoiesis via an indirect fashion through perturbations in a number of other cytokines, all of which were not significantly different between the groups (see Table 2 ).
IFN-γ was lowest in the HIV-1[−]/Pf[+] group and elevated in both the HIV-1[exp]/Pf[+] and HIV-1[+]/Pf[+] groups. IFN-γ is important for a robust response to infection and decreases with HIV disease progression
Examination of chemokines and growth factors demonstrated that eotaxin/CCL11, MIG/ CXCL9, and GM-CSF progressively increased across the groups. While little has been reported on the role of eotaxin/CCL11 in either malaria or HIV-1, decreased circulating eosinophils were reported in children with P. falciparum, suggesting that tissue penetration is presumably directed by a chemotactic agent, such as eotaxin/CCL11 [57] . In addition, eosinophilia during the convalescent phase of disease is associated with a favorable recovery from malarial anemia [58] . The potential impact of increased circulating eotaxin/CCL11 levels on recovery from malarial anemia in co-infected children, however, could not be determined using the current cross-sectional design. The finding of increased MIG/CXCL9 in co-infected children is consistent with the fact that this group had monocytosis. In addition, progressively higher levels of GM-CSF across the groups, with decreasing Hb concentrations, likely reflects an attempt to compensate for the worsening anemia, since GM-CSF stimulates erythroid progenitor expansion and maturation [59] . Increased eotaxin/ CCL11, MIG/CXCL9, and GM-CSF levels may also play an important role in promoting enhanced HIV-1 pathogenesis [60, 61] . Although the clinical impact of increased eotaxin/ CCL11, MIG/CXCL9, and GM-CSF in co-infected children remains to be determined, these novel findings provide a foundation for future investigations. The presence, or even exposure, to HIV-1 appears to impact on IL-12 levels in these children, and while elevated IL-12 is typically associated with favorable hematological outcomes in malaria (reviewed in [66] ), increased IL-12, along with IL-1, IL-6, TNF-α, and IFN-γ, are linked to 'poor responses' to erythropoietin in dialysis patients (reviewed in [46] ). The mechanism(s) associated with elevated levels of IL-12 in the context of worsening anemia in co-infected children is currently unknown and requires further exploration.
Taken together, results presented here demonstrate that the pattern (i.e., magnitude and directionality) of IMs associated with anemia (Hb) differed according to HIV-1 status, demonstrating that the inflammatory milieu in malaria-infected children is influenced by both HIV-1 exposure and infection. Although not explored here, more profound anemia in HIV-1 exposed and positive children may be related to additional inflammatory processes that promote splenic and capillary sequestration of RBCs [67] [68] [69] [70] and/or the potential for poor nutritional status. Future investigations focusing on the significantly dysregulated IMs examined here may offer novel insight into the molecular mechanisms responsible for enhanced anemia in co-infected children.
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Table 4
Association between the principal components, disease status, and anemia. Pearson correlations between the six components from the PCA analysis and two predictors/outcomes were performed using each HIV-1 status to explore the unique associations with the principal components in each subset. Post-hoc analysis of the HIV- 
